The intimate involvement of putrescine, spermidine, and spermine in processes important for growth first became evident when these polyamines were identified as essential growth factors for Haemophilus parainfluenzae Snell, 1948, 1949). These compounds were since shown to serve as essential or stimulatory growth factors for several other microorganisms; to increase the stability of nucleic acids and several other compounds; to stabilize the protoplast membrane and certain other subcellular structures; and, at higher concentrations, to inhibit growth of several organisms. These several activities were reviewed by Tabor, Tabor, and Rosenthal (1961) . More recently, these compounds also were shown to be essential for growth of a mammalian cell line in tissue culture (Ham, 1963) .
The intimate involvement of putrescine, spermidine, and spermine in processes important for growth first became evident when these polyamines were identified as essential growth factors for Haemophilus parainfluenzae Snell, 1948, 1949) . These compounds were since shown to serve as essential or stimulatory growth factors for several other microorganisms; to increase the stability of nucleic acids and several other compounds; to stabilize the protoplast membrane and certain other subcellular structures; and, at higher concentrations, to inhibit growth of several organisms. These several activities were reviewed by Tabor, Tabor, and Rosenthal (1961) . More recently, these compounds also were shown to be essential for growth of a mammalian cell line in tissue culture (Ham, 1963) .
Although not essential nutrients, spermine and spermidine increase the growth rate of Lactobacillus casei under defined conditions Snell, 1957, 1960) , and this organism is unique among those so far studied in that putrescine is very nearly inactive in this regard. The objectives of this investigation were to determine whether these polyamines also stimulate growth of other lactic acid bacteria, to further delineate the structural specificity of the growth response in L. casei, and to investigate utility of the latter organism for the specific determination of the spermine and spermidine content of bacteria.
MATERIALS AND METHODS
Polyamines. Putrescine, spermine, and spermidine were obtained from commercial sources. N-(3-aminopropyl)-1,6-diaminohexane and other polyamines were obtained from Parke, Davis & Co., Detroit, Mich., through the courtesy of E. F. Elslager.
Stock cultures and media. Basal medi'um 1 (Table 1 ) is a modification of that used by Snell (1957, 1960) in their studies of growth stimulation of L. casei by polyamines and peptides (strepogenin). It was further supplemented for individual organisms (Table 2) . Stock cultures of lactic acid bacteria were maintained by monthly transfer in enriched litmus milk or in a A stock solution containing all of the above ingredients except glucose, ascorbic acid, the B vitamins, and the heat-labile ingredients (L-cysteine, L-glutamine, and pyridoxal) was prepared in 1-or 2-liter lots to serve as the double-strength basal medium. Glucose, ascorbic acid, and B vitamins were added just prior to use. The heat-labile ingredients were sterilized by filtration and added aseptically to the cooled, heat-sterilized medium as described in the text. Final pH was 6.8.
b A commercial, partially desalted hydrolysate of vitamin-free casein supplied by Nutritional Biochemicals Corp., Cleveland, Ohio, was used.
c Prepared from vitamin-free casein with crystalline trypsin (to avoid contamination with spermine or spermidine) as described by Kihara and Snell (1957) .
d L-Cysteine, L-glutamine, and pyridoxal are destroyed by heat sterilization in complex media. Appropriate solutions were prepared immediately before use, sterilized by filtration, and added to the cooled medium after it had been autoclaved (see text and footnote a above).
glucose-yeast extract-agar, of the composition indicated in Table 2. Inocula were prepared by transfer from these stock cultures into the appropriate basal medium and incubation for 18 hr at 37 C. These inoculum cultures were centrifuged, and the cells were suspended in sterile water. The optical density of the suspension was determined at 650 mA, and, by reference to a curve relating dry weight of cells to optical density, a portion of the suspension was diluted to a cell density of 0.01 mg/ml.
Assay procedure. The usual procedures for microbiological assays were used with few modifications (Snell, 1950) . Because the increased cell yields observed in media supplemented with polyamines, as compared with those in unsupplemented media, result from a slightly enhanced growth rate and disappear on continued incubation, special precautions were taken to achieve uniformity in the growth response. These included specially washed tubes to eliminate variable traces of detergent and metal ions, and incubation in a well-stirred water bath at 37 C rather than in air.
Assays were conducted in Pyrex tubes (1.8 by 15 cm). Spermine and spermidine in amounts of 0, 0.1, 0.2, 0.3, 0.5, and 1.0 ,ug, with duplicate or triplicate tubes at each level, served as standards. After dilution of the samples and standards with water to 3 ml, 2 ml of the double-strength medium, complete except for heat-labile ingredients, were added and the tubes were capped and autoclaved at 121 C for 7 min. Additional double-strength basal medium (1 ml for each assay tube) was autoclaved at the same time, and, when cool, was supplemented with the filter-sterilized heat-labile ingredients of the GUIRARD ANI) SNELL c Basal medium 1 is that given in Table 1 . Other media were derived from it by supplementation with the additional growth factors required by one or another of the individual strains (Kitay, McNutt, and Snell, 1950; Craig and Snell, 1951) as follows. Medium 2: thymidine (4 ,ug/ml), oleic acid (10 Ag/ml), sorbitan monopalmitate (Tween 40, 1.0 mg/ml), pantethine (0.1 ,ug/ml), pyridoxamine phosphate (0.01 A.g/ml), and vitamin B12 (0.005 ,ug/ml); medium 3: oleic acid (10 ,ug/ml) anid sorbitan monopalmitate (Tween 40, 1.0 mg/ml).
d Indicates per cent incident light transmitted. Measurements were made at 650 rm1,u in a Bausch & Lomb colorimeter. An uninoculated tube of medium was set at 100% transmission. medium and 0.02 ml of inoculum suspension per ml. To each assay tube was then added 1 ml of this supplemented, inoculated medium. Unless otherwise indicated, incubation was for 16 hr at 37 C. The tubes were heated in flowing steam for 7 min to stop growth simultaneously and cooled; the growth response was measured photometrically at 650 m,u with a Bausch & Lomb colorimeter after the cells had been suspended by shaking each tube vigorously. The specificity of the growth response of L. casei to spermine or sp)ermidine is increased by addition of an inhibitory analogue to the medium. For the routine bioassay of spermine and spermidine with this organism, therefore, medium 1 (Table 1) was supplemented with 10 ,ug of the inhibitor, N-(3-aminol)ropyl)-1, 6-hexanediamine, per 3 ml of the double-strength medium.
Extraction and separation of spermine and spermidine from crude samples. Previously published procedures for the estimation of spermine and spermidine have not been sufficiently sensitive to permit their estimation in samples such as gram-positive bacteria, which are extremely low in these compounds (Herbst, Weaver, and Keister, 1958). The procedures described below employ for this purpose extraction of the polyamines by mild acid hydrolysis and their separation by ion-exchange chromatography, followed by evaporation of the acidic extracts and bioassay of the concentrated extract with L. casei.
Validity of each phase of the procedure was checked by quantitative recovery of added polyamine in the absence and presence of sample.
Samples (20 to 500 mg, dry weight) were suspended in approximately 20 times their weight of 0.5 N H2SO4 and autoclaved at 121 C for 1 hr. The hydrolysate was diluted with an equal volume of water and then centrifuged. Each supernatant solution was then poured over a column (0.6 by 8.5 cm) of sulfonated polystyrene resin (Ag 5OW X 2, 200 to 400 mesh, Bio-Rad Laboratories, Richmond, Calif.) in the H+ form, followed by 10 ml of water. Each column was then eluted first with 20 ml of 1 N HCl, which removed the least strongly attached amines, such as putrescine, then with 20 ml of 1.5 N HCl, which removed spermidine, and finally with 10 ml of 2.5 N HCl, which removed spermine. The fractions containing spermine and spermidine were transferred quantitatively to evaporating dishes containing 2 mg of sodium ethylenediaminetetraacetate (EDTA), and were then evaporated almost to dryness (<0.2 ml) on a steam bath. (Oxidative losses of the amines during evaporation are avoided by addition of EDTA.) Each fraction was dissolved in a small volume of water, neutralized with dilute KOH, diluted to a convenient volume, and assayed microbiologically as described in an earlier section.
RESULTS
Comparative response of various lactobacilli to spermine and spermidine. Growth of several lactobacilli was stimulated by addition of spermine or spermidine to the basal medium ( Table 2) . As noted earlier for L. casei (Kihara and Snell, 1957) , this stimulation results either from a slight increase in the growth rate or a slight decrease in duration of the lag phase of the culture; after longer incubation times, supplemented and unsupplemented cultures reach plateaus at approximately the same growth level. The most striking effect on growth was obtained with L. casei, and this organism was, therefore, selected for subsequent work. Growth of several additional strains of lactic acid bacteria, tested in basal medium 1 or 2, was not stimulated by these compounds. These organisms were as follows: L. acidophilus R-26, L. arabinosus 17-5 (ATCC 8014), L. fermenti 36 (ATCC 9338), L. lactis 8000, L. pentosus 124-2, several strains of Streptococcus faecalis (ATCC 8043, 6057, 7990), S. equinus P-60 (ATCC 8042), and Leuconostoc citrovorum.
Inhibition of the growth response of L. casei to spermine or spermidine by N-(3-aminopropyl)-1,6-hexanediamine. In testing various polyamines for spermidine-like activity, a higher homologue of this compound, N-(3-aminopropyl)-1,6-hexanediamine, proved not only devoid of stimulatory activity, but inhibited growth at relatively low concentrations. This inhibitory action was counteracted over a 100-fold range of concentrations in an approximately competitive fashion by added spermine or spermidine (Table  3) . The comparative growth response of L. casei to low concentrations of the latter two compounds in the presence and absence of low concentrations of the inhibitor is shown in Fig. 1 .
Effect of various polyamines on growth of L. casei. Each of the polyamines listed in Table 4 was tested over a wide range of concentrations for possible growth effects on L. casei in the presence and absence of the inhibitor. Several of (Fig. 1) .
each of these effects. The extent of the growth increase permitted by 1.67 ,ug/ml of spermine (AGs) was arbitrarily called maximum (Fig. 1) ; the extent of the growth increase permitted by optimal concentrations of other polyamines (AGp) was measured and is shown in column 3 as the percentage (100 AGp/AGs) of the maximal increase permitted by spermine. The comparative activities of spermine and a given polyamine in p)romoting growth are expressed as the weight ratio of spermine to polyamine (Cs/Cp) necessary to achieve an equal but suboptimal growth increase, usually that permitted by 0.0167 ,ug of spermine per ml. The inhibitory concentration (I1.o) at which each of the amines tested reduces growth of L. casei to 50% (or less) of the maximum observed with optimal spermine is also tabulated.
Of the compounds tested, spermidine promotes growth to the greatest extent; it is also the most active on a weight basis and the least toxic. Its lower homologues (compounds 1 and 2) show distinct but much lower activity, as does its next higher homologue, compound 3. Addition of one more methylene group yields the inactive but highly inhibitory compound 4. Substitution of a methyl or ethyl group for hydrogen on the central nitrogen atom does not affect activity greatly (cf. compounds 2, 6, and 7).
Although spermidine is more active than spermine, conversion of the weakly active spermidine analogue (compound 1) to the corresponding spermine analogue (compound 8) increases its activity. (All comparisons have been made on a weight basis. On a molar basis, spermine approaches spermidine in activity.) All of the active compounds except compound 12 are N-substitutued 1, 3-propanediamines. 1, 3-Propanediamine itself, however, like putrescine, is essentially inactive (Kihara and Snell, 1957) ; this fact, coupled with the comparatively high activity of compound 12, shows that the simple diamines containing three-or four-carbon atoms, which arise commonly in bacteria as metabolic products of the polyamines , cannot be the fundamental active unit of these compounds. Indeed, it is difficult to discern any single pattern in the structure of active compounds for this organism. When the active compounds are tested in the presence of the inhibitor, however, a striking increase in the specificity of the response occurs (Table 4) . Spermine, and spermidine and its nearest homologues, retain high activity; the activity of all other compounds is decreased markedly or entirely eliminated. This specificity and sensitivity, together with the unlikelihood that active amines other than spermine and spermidine occur naturally, permit application of L. casei to the specific microbiological estimation of these compounds after their separation from one another (see Materials and Methods).
Spermine and spermidine content of lactic acid bacteria. The polyamine content of gram-positive bacteria, including lactic acid bacteria, is much smaller than that of gram-negative organisms, and is below the level conveniently detectable by previously applied methods . Most species of lactic acid bacteria assayed during this study are very low indeed in these compounds (Table 5) . Even organisms such as L. helveticus 80 and L. acidophilus R 26, which contain much larger amounts than do L. casei and L. arabinosus, contain much less of these compounds than does Escherichia coli, which was included for comparative purposes. Where the cellular concentrations of spermine and spermidine differed significantly, spermidine was usually present in larger amounts. Only traces of these polyamines were present in culture filtrates from these organisms. Surprisingly, there is no correlation between the growth response of individual strains to added spermine or spermidine (Table 2 ) and the amount of these compounds found in cells harvested from cultures which had reached maximal growth (Table 5) .
Effect of the polyamine content of the medium on the spermine and spermidine content of lactic acid bacteria. Supplementation of the growth medium with either spermine or spermidine results in an increased cellular content of both compounds, but mainly of the one added (Table  6 ). The capacity of the cells for accumulation of the two amines is very high, and surpasses the amount found normally in E. coli (Table 5 ). The low content of these amines in cells grown in their absence seems, therefore, to reflect a limited synthesis. When C'4 putrescine was supplied to growing cultures of L. casei, and spermine and spermidine were separated from the cell hydrolysates by extraction with terbutanol, as recommended by Rosenthal and Tabor (1956) , and then subjected to ion exchange chromatography, both the spermine and spermidine fractions showed radioactivity, indicating that these compounds arise biosynthetically from putrescine in L. casei as they do in other organisms (Tabor et al., 1961) . The fact that putrescine does not increase the cellular level of either spermine or spermidine (Table 6) Effect of N-(3-aminopropyl)-1,6-hexanediamine on the accumulation of spermine and spermidine by L. casei. Addition to the medium of high levels of the inhibitor, N-(3-aminopropyl)-1 ,6-hexanediamine, reduces accumulation of added spermine or spermidine to levels similar to those that occur in cells grown without the latter amines (Table 7) . This effect appears to explain the action of this compound in competitively inhibiting the growth-promoting action of added spermine and spermidine (Table 3 ). It appears probable that the inhibitor, when present in excess, saturates nonspecific sites of attachment within and on the cell, thus excluding spermine and spermidine from these sites. Cells of L. casei grown in medium 1 were suspended in 0.05 M phosphate buffer (pH 7.0) at 0 C and a cell density of 1.5 mg/ml. Spermine and spermidine
(1 ,ug of each per ml) were added. After 1 hr at 0 C, the suspension was centrifuged, and the cells were washed twice in the cold buffer. Upon assay in the usual manner, 51 ,ug of spermidine and 215 ,ug of spermine were found per g of cells. This accumulation in the cold by cells lacking an energy source indicated that an active transport system is not required for accumulation of high levels of these highly basic amines, and that the inhibitor, therefore, probably does not act by inhibition of a transport mechanism. The fact that the levels of these growth-promoting polyamines found in these cells are approximately the same as those in cells grown in the absence of all polyamines suggests that these small amounts, presumably present at specific sites, fill an essential and structurally specific role in the organism, and cannot be displaced without preventing growth.
DIscussIoN
The assay procedure used herein for determination of spermine and spermidine, being based on differences in the extent of growth which first decrease and then disappear on continued incubation, is inherently more difficult to control and, therefore, is less precise than is the more customary microbiological assay, where the concentration of an essential nutrient limits the final amount of growth obtained. In control experiments, recoveries of 85 to 110% of known amounts of added spermine or spermidine were obtained after each phase (extraction, ionexchange chromatography, or evaporation) of the overall separation procedure, and equally good recoveries were obtained when the amines were added to and recovered from casein hydrolysates, starch, etc. Somewhat lower recoveries were obtained in samples subjected to the entire l)rocedure. Recoveries tend to be lowest in samples that are low in the amines, and the accuracy to be expected in such samples is indicated by the recovery data cited in Tables 5  and 7 . The procedure is quite sensitive; the spermine and spermidine content of many of the gram-positive organisms studied here is aplproximately two orders of magnitude less than that of the gram-negative bacteria studied by Herbst et al. (1958) .
The function played by spermine and spermidine in metabolism is still obscure. These compounds are excellent chelating agents, and occur richly in certain bacteriophages and other structures high in nucleic acids (Tabor et al., 1961) . It seems likely that at least two distinct functional roles contribute to the overall growth response to these compounds observed here: one of low structural specificity, perhaps concerned with chelation of metal ions or with neutralization and stabilization of labile polyanionic structures within the cell, and a second unidentified role requiring comparatively small amounts of relatively specific structures. Consistent with this view are the observations that none of the analogues stimulates growth to the same extent as do spermine or spermidine, or does so at as low a concentration, and the fact that many compounds which promote growth to some extent in the absence of the inhibitor are ineffective in its presence. This latter observation would be expected if the inhibitor filled the nonspecific role referred to above (as do its lower and higher homologues), but inhibited by virtue of preventing spermine or spermidine from fulfilling a second, essential role. This latter role appears not to be related to the sparing effect of spermine on the requirement for folinic acid and related metabolites (Turner et al., 1963; cf. Misra and Adamson, 1963) , because folic acid is required by L. casei and is supplied in excess in the growth medium.
It is clear that spermine and spermidine are interconvertible in the organisms studied here. Which of them is most closely related to the specific functional form postulated above is not known. Neither putrescine nor 1, 3-propanediamine would appear to be this functional form, because both compounds are relatively ineffective in stimulating growth of L. casei (Kihara and Snell, 1957) , even though they are readily taken up by the cells.
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